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ANDCWEERHIGH+WMPERP.TURAPPLICATIONS

Thisinveetiga’cionwaeunde~takeninan effortto developceramic
coat+qsthatwI1lprolca~~heEfe ofalloysusedb twzhines,especial-
ly theblades,orpermittheiruseathigkr %ewpera%uresthanwould
otherwisebepracticable.h o::de~toeetahH ahwhetherornotpro+mctive
cOatingscanbe develoFedthat‘fill.effectSUChhpi”C)~m9nt, thb full-owicg
stepsweretaken:Refrac:xmySritaofhighWwm@ expeimivitywerede-
signedsndsmelted,varicusrefractoryadmixti”eswereincorporatedti
differentemounts,andthecoat5ngswere.qpliedandfiredat difPerent
temperatwreeon severalalloyssupplied.fortihewm’kthroughtheNACA.

Coatedspecimenswereheatedathightemperaturesinalrwithout
load7antievaluationfm furtherstudywasmadeon thebasisofadherence,
resistancetofltiing,Protectimof thealloysE@+nstoxidationas in-
dimtedby increaseinweight,SEXIreaistancoof thecoathgs-to”deterim
rationas Mfcated by periodicmicroscopicexamination,High+emperature
treatmentswerealsomadeunderloadinair,andin‘G&ysensndstesm.
Ekmstreatmentsconsistedofprclcngedapplicationo? loadathightem-
peraturesfollowedby termileteatsatroom“ti~peratuzzeorathightek

—

perature,Ln scmecaseestressw’upturetestsweremade. I-naddition,
greatlyacceleratedtestconditionsathightemperatureswithcutloadwere
achievedthro~htheuseofhighlycorrosiveatmosphere,E+ beingno-
tablyeffective,

Thesestudieshavesofarled.h theselectionof sevsralprcmisMg
fritmfromovera hundredthatwerepreparedendseveralpremisingcoat-
iqp from mmercusonesprepaedby veriousrefractorytilladditLOns tO
thesefrits.Itwasfoundth%tsme ofthecoatingswillwithstand~GO
hoursinair at 1500°F withlittlevisibiechange,whileservingto

● elim3natecmgreatlyreducetheoxidationthatoccurredonuncoatedal-
loys,whichreceivedthesametreatme~t.Thehigh-temperatureloadtests
indica’ttdthat,at 10SJ3Bstiflcienilylowtopermita lfi~eofthealloyb.
~eyord. 6(IOhowm,someofthecoatingshada significmtlylmwficial
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effect.Itwasalsofoundthatscmeof thecoat~a permittedalloys
s-816andS-590-toretainapproximatelytheir-initial0.2+perceutoffset
yieldv~ae underconditionsthatalmostcomplete~”corrodedt.hsw~coatml
alloys,n5mJ31y,h3atinginan H&l atiosphmeat 1350°3’forpr010n@3d
periods,
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Th13udcroscoplcmcmnimtfcm oftreatedspecimensindicatedthe12E-
portameOFworkingtowszxltheelhainationofpcresor otherdticoatinui-
tiestntheco~tfngs,scm.eofwhichereconnectedwi%htheevolutionof
gasat ‘r&esurfaceof’thealloyswhilethecoatingsarebeingfired. . —---

.-

INTROIX?C!TION .-

Duri.ngi342,a studywasbegunat theNatfonalBuroauofStaziisrds
to developa ceremicccatingthatciou?-d>S usedtoproteotordinnrysteel
exhauetstackswhichoperateat tempezgat’uresup toa “redheatendexe
subjecttoquickheatingandsomszlmestosuddencoolhgby rainorchbor
wabr. A thtncersmicooatingforsteeloftheWE lC@ andsimilartypes
tobe usedat temperaturesu? tolps~oF me%thesedrasticrequirements
withoutsi~ifi.cantdsine.&jemd.-ti.spresented--tothea.medservicesin
August1943; Subsequently,followingsufta’bleservicetests,Army-Wavy
aeronauticalspecificatiorii$!andArmyOrdmi.nceDepartmentspecifications
werepromulgatedwhichtailedforthec.h.ax’acteristiusof thiscoati~,
anditwmsusedon we etiaustpipesofqmphibieustrucksandalsoon
theexhauststacksofseveralmodelsofdroraft. T.besucoessofthis
development--servedasa foundationfor.increatiedinterest--inthedevelop-
mentof(:ersmiccoahingsforheatresi8tingalloyaa

inMayI$)hk,underthesponsorshipandwithtlaefinsncialasafstame
of theNationalAdvisoryCommitteeforAeronautics,thedesign,conEltruc-
ticn,andassemblyofequipmenttobe usedh developmentworkonccmthgs
forturbiaebbdes andsimilaruseswasbegunat theNationalEureauof’
Standards, Y%eyresentreportgives,inbrisfsummaryform,theprogross
of theinvestigationthroughDecen.iber@5.

.. .-

.—
DESCRIPTION63’EQUIPMENT

Pre~arationandApplicationofCoatings ..

—

._-~

.-.

Gas-firedpotfurnances“Su3.tabIeforcruciblebatchescf2000to
30~0grmg wereused-forsmeltingallthefrits.A gas%%?edrotaryfur--
naoefor“satche#of35 to50poundswasusedtosmo~tlargerquantities b
of thetr.ltsseiectedforthemoreextensiveteste,Sneltingtemperature
werecontrolledmanuallywiththeaidofenoptioalpyrmeter. .,

.= --- -=--.-
.- ,. -..—.... ..— ..———..—
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One-gallonjarmillsand
forgrindingthecoatinGs.A
foroleaningthealloysprior
rnentwasoperatedwit~lan air

3.

five-gallonballmills,asneeded,wereused
~aboiatory-typesand-blastcabinetwasused
toapplicationoftheccat~.s,~Thisequip-
pressureof 30psi,theblastingmediumbe-

ing60meshglasssang.Thecoatingswereusuallyappliedby spraying.
~ electricallyheateddrierwithforcedwarm-aircirculationwasused “
fordryingthecoatingsafterspraying.An electricfurnace”we.susedfor
firingthospscimsns,whi,chymresuspendedfroma “nickel-chromiumrackfor
thepurpcse9anda recorder-controllerwasusedt-omaintainthefurnace
atthedesiredtemperatures. ..

Testingof Frits .

A Fizeau-*Fulfrichinterferometer(seereference1)wasusedfordeter-
minaticmof
ooatings=

Fu.sion
torineasof
isgivenin
2).-

used

thethermalexpansionandsofteningpointofthefritsand

blockswereusedto $kudytheflewcharacteristicsorrefrac-
~klevaricusfritsoA description@fthemethodandequipment
a publicationof’theNationalBureauofStandards(reference..

TreatmentofSpecimens

Equipmentforheatingspecimensinaii-withoutload.-Thefurnace
‘f~rlong-timeheatingin.airwithoutioadwaselectricallyh6ated0c

A recorder-controllerwtis-usedforobtainingconstanttemperatureswithin
therange1000°to 2200CF. Thedimensionsofthespecimenssubjeotedto .._._
thistreatmentwereapproximately0.05by 0.8by 2 inches>as shownin
figurel(a). — .—-

13quipm=ntfortreatingspecimensathigh-temperatureunderloELd.-
Sixresistance-typetubefurnaceswithi~ividualtemperaturecogtrollorfi
wereused. Temperaturedistributionoverthegagelengthufthespecimen
wasregulatedby threevariabletransformersconnectedwithseparatie..s”ec-
tionsofthefurnacewindin&.Temperaturemeasurementsofthespecimen
weremadebymgansoftwother~oouplessoneattheshoulderabovethe
neckandoneattheshoulderbelow.Thetwowiresofeachthermocouple
werespotweldedto oppositesidesof thespecimen=Thetemperatureof
eachspecimenas indicatedbythesethermocoupleswasheldconstant
duringthetestto within-&5°F. Thespecimenswere2.0incheslongtc
permitgrippingoutsidethefurn&es(=oeefig.l(c)).Figure2 shows
thefurnacesandpartsoftheleversystemforappljingcontrolledloads
to thespeoimenswhileh3at6d,

.-—
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Equjpqentforcontrolled-atmospheretests.-Tworeslstanca-~e
vitieo~lf;-sflica-+ubefurnaceswereused.f’crcon~olled=tm~pherehea+
ingtests.Thsinsidediameterofthefusedt3illcatuEewas2 ~nchef3
anda platinun.hemgerwassoam~ed thateighttensilesyecimens0.0!5
bY 0.8by 9.0inches(Beefig.l(b,) cotidbe suspended~ p~alle~f~
tee%, .—

. .

Ti@t fittingPyrexglassend-capswith’appropriatefittingswere
sealedtothocoolendsof’theimpervioussilicatube.sh.rr~te~+ing,
gasWEWfedintothefumace~fromstoragetanks,therateofflowbelng
regulated%y meemsofa pressmrereducerandneedlevalve.Thetew
pera.tureinsideeachfurnacetubewasautomaticallycontrolledandre-
cordedwiththeaidofa platinum,pZatiuti-lC=’percec&rhodiumthermo-
coupleinsertedthrougha sealedjointat thetopcfthefurnace, —.

.<3
.. .- .——

ExsM.nat~onandTestingof!beatcdSpechnens

T%erodercperaturetensilepropertiesof tieatedspecim&swere
determinedcma Riehleponduium--type,hydraulicallyoFeratedtesting .
machine,equippedwithenaut:umaticat.ress-strainrecorder.Thespecimen
wasstrevfihedata rateofayprox~matelyO.C~inchperminuteuntil0.4-
to().6-percentelongationhadoccurredinthe2-inchgagelen@h,after s
whichtheratewasincreasedto0.2inchperminuteuntil,failure.

Tensiletestsathightienperatureswerereadswitha Southwark+&te-
Emeryte~tingnuichine,med,inconnectionwitha furnaceWUundandccrr-
trolledsimilarlytothoseshowninfigure2.

—.—

A binocularmicroscopewithmcignificationsup to120Xanda pei’zm-
@?a@XbmicrCscOpO,arrangedford?liqUeil].~inatiCnsoas tifUnCtiOn8.6
a metallurgicalmicroscope,wereusedforexaminathnof thespeoimene,
Photcnicragraphsofselectedsrecimensweremadewi+&thepetrographic
microscope... -....—-.— -.

. . EKemIMEmALm.oc.m-m ANDREsmm .- . ... .—
Foxmmzlatian.ofFrite ‘ .’:. - ---

---

Frits ar9tho glassy constituentsof-thaceramiccoatin~sandact
asbindersforthemorerefractoryccns%ituents.Iriordertoproduce
coatingsthatwouldadheretothehigh-expansionalloysandat thesame-
t.tiewithetendthehighoperatingtem~ratures,itWa necessar~todmel- .
c)pspecialfritswithhighercoefficientsof tkormal.exg!..nslonand~eatar
refractorlaessthant%oeeordinarilyusedinensmelir??operations.The
difficultyinaccomplishingthesetwomodificationsfi~propertiessimui- *
tanewslyliesinth~factthat,as a generalrule,thecaee in .. Z=a
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compcsfti.onthatcontributeto theonedetractfrcmtheother.Neve2Wm-
10ss,by departurefrcmconventionalcompositionsitwaspossible%0
changebothpropertiesb thedesire~direction.

Thefourbasicfri%susedasoriginalpointsofdepextwreinthis
develo~entwere(1)frit11,a typical“hard”ccmmmrchl-typground-coat
frit,L2)frit226,a conmerci~-~egrcmni-coatfritt“~twasveryz%-
fractcry~tutlowinthermalexpansivity,and (3) end(4)twospecial
fri-!w~X aid104jGutSidetheccmmrcialra?ige.

TherefratorhessWC,Sincrea~edhymakingsystematicadditionsof
titsnia,silica,andfeldspar,sndbynmkingsubstitutionsofaluniha
andfluorsparforsodaintb baeecomposition,Theexpans~.vityofthe
refractoryfritsdevelopedby thesemethodswasincreasedby-substituting
lea~cxi.deforboricoxideandtltaniaforsilica.Thecomputationof
chemicalcompositionsofthesmei@dfritsfromtherawba+~keswassup-
plemeate&by chaml~alanalysisjforwhichtheimprovermrbofexisting
metlmdswasinvoived”forseveralconstituentsinthesemany-ecxnponent-

—

systems.Moz*et%li100differentcompositionsoffriteha’vebeensmelted.

~lectedfritsweretestedforthermalencpansi~nwiththel?rLerfer-
cmeter~referez!!e1)am.dforrefractorjmeeswithfusiotiblocks(reference
2)* Thesetwotestsserved.asabosisforfurthersalection,themost
promisingfritsbeinggivenfurthertestby trialsinactualcoatings,
withvaryingkindsandamountsofotherconstituents.Fourof thefrits
selectedfurmoreaxhauetivetests.withvariousadmixturestoformcoat-
iags,were228,256,261,and269.”

FormulationandApplicationofCoatings.
‘l%formulationofcoatingsconsistedessentiallyof

epec,ialljdevelopedfritswithvaryingrefractoryceramic
‘bIendwtie .....
admixtures.

Othermilladditionsbesidestilerefre,ctcryadmixlllres%“er~ .....
chyY water,andelectrolyte.Theti~ ofgrindingwascontrolled.b“
gGverntheaveragepsr$iclesizes

Amongtheceramicadmixturestriedwerealumina,chrcmlumoxtde,
cobaltoxide,manganese~ioxide,nickeloxide,magnesiumoxide,calcium
silicate,calciumchwmate,andcalciumfluoride.ThefirstWee of
tlle9e,singlyandinconbtnat.ion,gavemostpromise;mostot theothers
gavematingshavicgsomecharacteristicst-hatmWi6ti-em-imdesira%le,
suchas lackofchemicalstability,watersclubilityintheba31mXIing,
orreactionwiththebasemetal-.

.
Allcos,tinge,afterball

by sprayingto thicknessesof
● surface,Afterspraying,the

waaf~lreti.

millingto they~operfineness,weaeapplied
0.003.to0,004Inchontothecleanedalloy
coatingwasdriedat 2SO*F, ~+’mrwhichit
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AWM..num-cxid.eadmixture.- Approximately1~0coatingswereprepared.—
with~?.ocsgradesofalwnlnumoxideas thePNIncipalrefractoryadmix-
ture.Fc!rt.ydiffersntfritswereusedin thisgroupofcoatings,andWe
amour.tofaluminaaddedvmiodfrom20 to60percentof thetutalweight
off’ritp:Lw ~i~i~~, Thefiringtemperaturesrangedfrcm1550°to2300°E,
dependimgbothon therefractorinessof thecoatinganr$t-hedegreeofvfb-
rificattcnsoughtLn theoeramiccoating.

Amc~gthemostpromisingcoatingswithalwninaas thechiefadmlxturo
weretinefollcwi.n~: -..

Alumina .
conkent

coatl~ F3?it.-—-. 4EW24—.—

.L-EA~,4A.- L-6A.—

261 25
261 35
228 23

aluminawithothercxiiiesalsogaveseveralprcmist%
coatingsof thist.~e~ compositionWJAO wasmuong
‘TMsooatlmisanalumina- c~ccniomxideccmibina-

Comblnationsof
~oatings.@f the66
%lmmcstipromislrg.
ticnccntaIning70peroentf%it‘%~,2GpercentA-1alumfna,and10per-
cent-chromiooxide.

Chromic-oxideafiZdXtUre---~na seriesGfGO&tingSUS.ZngCOKZU@?Cialw.——
purechromicoxidowithfrite228,256,261.,and 269; twaccatingswere
seleotedasamongtlmmostpromising.ThesewereA--3O?and&70, both
ofwhichc,w%iried30percentCr.203,thoA-305usingrrlt269,andthe
IJ-7C,Trit228.

CoMlb-oxideadmixture.–AltLoughcobaltoxideislem refractory
than=~”~, itwasusedIna seriesofcoatingswithfritm224,
261,256,nnd26% Thesecoatingswerefoundtobe outstandingin their
resistancetochtppingduringlong-timeheatingtestsinair. ThefollGw-
ingareexwaplesof tkesecozting~:

-.
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Higk%emyeratureTreatment*inAirwithoutIaad

develo~entwcrkoncoatings,ftwesfound‘it thema~ority
of thecoetingswhenfirstpreparedhada goodap~earanceandgavegcod
ccverageofthemetal.Whenthesecoatingswereheatedforlongperibds,
however,ata +tempera%ureof 1500°F,mauyGf themchangedconsiderablyti
appearanceendsomeeventuallyflakedoffthealloy,A treatmentof~00
hoursat K5Lstemperatureinairwasfoundsufficienttcgivean Lnd.ication
ofwhichcoatinggshouldbe choeenformoreexkausiivestudy.Thetest
wasmadeinan electiicfurnaceandthespeckmenseuhjectedto thesetests
[seefigs I(a)) ~re re~~vea SZJd allowed w COOI each 24.hourssothat
theriialgnadien%ewcaldaooentuateanytendenciesof thecoatingetnchip
orfiakeoff.

Inspectionof specimens,whichwasmadeperiodically,consistedofan
examinationbasedm [a)freedomfromchipping,(b)@nges h apw~ance~
(c)ch%es inmicrostructureof tkecoailnge,and(d!chmgesinweight.
AnyspecimenonwhlchthecoatinGhadchipQeds,ppreciabiywheninspected
waswithdrawnfromthetestwithotitfurthertreatment.Theotl%er’chamges
werenoted,hutdidcotneoessari’lyeliminatetheccatingfromfurther
consideration.

Duringthe500hoursofheatingtherewsreconsiderablechangesin
microstructureof sozsof thecoatings,whereasothersshowedlittleor
no change,Photomicro~aphsof thesamefield.on selectedspecimenswere
takehat lEOmagnificationbefore+a”eatmenijandafter2CKltid!500hours,
respectively,Figure3 showsthreesuchviewsGf coatingb&A onarioy”
S~~, whichis an exampleofa typeofcoatingthatshow’edconsiderable
deteriorationduringheatinginairat ~00° F. Figure& is a seri.osof
photomicrogra~hsofcoatingA–309apyliedonalloy~16, whichisan
exampleof a coatingtypethatshcwedno appreciahlachang~inthemicro-
structureduringthe~CO--.hourheating+mea+aentina~r, The.wlyvielble
changethatoccurredwiththis‘s~ectienwasa smalldec~-easeb-glostiiness
froma slightiygiossyOriginaicondition;F~g%*e~ representscoating
L-KACaSappliedonaIIoys-816,ar,~illustratestheunwualpropentyof
seI..f~eaUngofdiscontinuitiesthat-we*initiallypresent.

Forthespecimensthatdidnotl~rgo appreciablechippi~andCO*
sequentvitiationof thesignif~csaceof theresults,a comparisonof tke-
ga?!nsinwetghtofuncoa%e~specimensandthedataobtainedby weighti~
thecoated.speoLmensbeforem periodica~drc-ingtkeheating%st.s
Indicatedthedegreeofproteskionaffordedthealloysagainst-oxidation.
Figure6 showscka.nge-in~ightcurvesofthesevenuncoatedalloyain-
cludedinthelatest%st. Figure7 showsshnilarcurvssOf”-ttio~pechmks
havingcoatingI#kAf:redtodifferentstagescf vitr-ifieationandanun-
coatedspec~imenofalicyS~~. Theaveraget%icknessof theMA costirgs
wti5approximatelyI mixwhilethat.of thescaleor oxi?efim onthebare
alloywma3cmt0,3 roil, me advantageof themorevitrified(lessporous)
coatingisdemonstratedinthisfi~”e.

.-
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Theheatingtestsat 1.50@F ina~rin”allcapesindicatedthe hIK&-
.. .

tanceof thethermalexpansionofthealleyinrelationto thatof the
coating;--Thecoatingsthathada tendencytochipinvariablychippedflret
on thealloyswithhighthermalexpansivity.Thealloysshowhgthegreat-
esttendencytoproducechippinginthecoati~swereI-L, 2~20$and
18-8,whilethoseof lcwerapawlon thatdidnotcaueethesamecliffi-
cultiesfromchippingwereInconel$S+W, andS-81,6.

..+

HlgWTemperature‘lYeatmentunderLoad.inYarimsA@OSDhC3re&

SeveralcombinationsofoonditlonsandtestmethodswaretriedM a
searchforthosethatwouldyieldmaximumInformationIntheshortest
testpertcd.E~erimer~tsconfirmodthattheheattreatmentwhfchthe _
metalreceivedduringthecoatingprocesshsda distincteffecton the

-—

tensilepropertiescfthemetal,as shownintablesI and11. Foreach
-—

specimenooatedandtested,t.he~efore,anuncoateds~ecimenwasgivenas
nearlyMenticcdh~attreatmentaspomible.Theuncoatedmmpanionspecf-
menwastreatedinthesamemannerandat thesametimeas t,hecoatedsp~1-
linen. L

T!’hemetal1*DL wasusgdintheearliertests,uponrecommendation
of theNhCA, TheinitialprccedurowastoholdeachbpecImn fora given ,

periodof timeat a constanttemperature,underconstantload,after which
thespecimenwasremovedfromthefurnaceandbrokenb teneionat 23!30°F.

Theresultsofa seriesof_suchtestsoncmted anduncoatedepecimens
ofalloy1-9-~-DLaregivenintcible1. P?obablythamoststrikingcliffereace
betweenthecoatedanduncoatedspecimensis indicatedinthelastcolumn
of thetable,whichevalua~sa phemme.non&esflgnatedasa sa-~cth effmt .
Thisdif:Perenceis illustratedinfigure8. Theappearan~eof tliesospeci-
Inenqsu&3eHtsthatan j.nti~rgpmul~c orros ionmay--haveoccurredon thew
coatedsyectiensbutthat:-twaspreven’wdorrelardedonthecoate~spocl--
marls. Ineverycase>coatedspecimensintableI received an “A”rating,
indlcati]~a virtualabsenceof thesa~%ootheffec’5,We ratinpyfortlm
uncoatedspechens variedfrom“B”ta‘~~’i,theratingappearingtobe af-
fectd l%scmeextentby the~iringtreatmenttowhichthespochenhad
beensub,jectodpriortothehigh-te~eratuvelo.n.g-thleading,Unffre.d
specimensand,thoseftiedat 1650°F recsived,M general,poorerratin@
thanthosefiredathtghdrtemperatures.ThedahaintableI allapp:.y
toonlyonealloy,however,andjtakenincoriiiect%nwithotherdatn,
arenot::oneideredccmcWsive.

It was thoughtthatstress~uptwetest~mighttringouttheeffect
cf thecoatingsbut,sincetheequipmentE4hownLifigurre2 wasnotsuit— .
ablefcrSUChtestswithmostalloys}it%~sne~sssmy houseanalloy
whichwouldfailwithlittleelongation,aiidthe25XJalloywasaeiected,
By refer~jnceb “tableIII~ldfigure9 itcanbe seenthat,inair,the .—

—

... . . ...>-
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coatedspecimeneln?okesomewhat“Soonerat thehighloads,butforthe
stressrangewithinwhichthealloymightbe used,Wis relationwasre-
ver6ed.A “’knee”inthesiresa-rupturecurvefortheuncoatedmstaloc-
curredat 168hours,while~orthecoatedspecimensnonehadoccuriiedup
to672hews. ThevaluesfortheMA ccatingsandtheuncoa’tdcompanion
specimensarenotcomparablewiththosehavingcoatti~F7C as thefiring
temperaw.u~eaforapplyingthecoatingsweredifferent.

s.trees~pturetestsinsteamandoxygenwerealsomade. Theresults,
givenintableIII,indicateanadvantageto thecoatedspecimensunder”
theleadcmditicnssofartiied.Additionaldatawillbe required.,ho-
ever,beforedefinitecor.elusionscanbe drawn.

High-+kmperatuzzeTreatzmmtinVariousAtmosphereswithoutLcE@. ‘-

Testsnab to securedataon there~tiveeffectivenessofdifferent
coatings,inprotectingalloysheatedin&lrarethe consuming.Coatings
thatdeteriorateorfllakeoff&y be disesxded~butwhenthecoatingsdo
not=ppreciaklydete~loratein,forexample,~00hoursitisdifficultto
evaluatetheprotectiontheyofferL“thealloysthemselvesareresistant
todeteriorationathightemperaturesinair. h orderto obtaina more
positiveindicationof ‘Aeeffectivenessof thecoatingsh-protecting
thealloysfromthesurroundingatmospherewhileat thesametimereducicg
thettierequiredtoobtainsuchdataoneachcoatingselectedfortesting,
itwasdecide,lto treatsomeof thespechnonsinenatmospherethatwould
be highlycorrosiveto theuncoatedalloys. ..

PreliminarycomparativetestsweyemadeOYuncoatedalloyspecimens
at 1.3s0°F inatmospheresofair,o~gen,hydrogen,carbonmonoxide,car-
bondioxide,watdrvapor,chlorine,sulfurdicmtde,andhydro~ensulfide,
Of thesa,thesulfurgaseswere-foundtobetiorecorrosivethananyof
theothers.I@rogenstiidewasconsideral’lymorecorrosivethansulfur
dioxideemdwasselectedforuseinmostof thesetests.

Itwassoonapparentthatinan atmosphereof hydrogensulfideat
1350°F alltheceramiccoatingstesteda?fordsomeprotectiontothe
metal.In ‘ableIV itca,n?)eseenthat‘&ecaatedspecimensaftertrea~
menthadtensilepropertiessuperiortothosecf%hecorrespondingu.n.ccated
specimens.ThiseffectISconspicuouswkenspecimensl&l%6 and18-2-87,
whichwereunccatedalloys-816,arecomparedwiuhcoateds ecimensof

8tb samealloy@sateds~t~.eous~ for4~LhO’WS at x3513F ti.H=S.
Theuncoatedspectmenswerecomplete-corrodedandspecimenswithcoati~
A–189(18-I-8J=and18-2-8Z~)retainedoverhalfoftheirinitialstrength.
Theothortwopairsof speoimensinthisgrouQ;coated-wiith-G2Aand,A-30s,“
respsc%lvBly~retaaaedapp~oximatelytheirfullinitialyieldvalue,as
canbe seenhy ccrp.risenw5thvalum.@ven IntableiIforspecimens
I&l, 18-4,and18-5.Uhcmtedspecimensof alloy~~ (l%~”and
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19-G?-WB)warevirtuallycorrodedthroughin 189hoursoftreatment.All
thecoatijdspeoimensof~gO WeatedshnultanoouslyInthesamefurn.aoe
didnotdeoreaeeinyiel~value,asmaybe seenUy comparisonwiththe
valuesfor~pecimehslg-1,l~y andlg-JjIntableII. Tineheattreatment,
Infa~t,tendedtogivea moderateincreaseinyieldvalueaccompaniedby
a decreaseinultimatestrengthanda marked.dropinelcmgation.

!Theftictthatsea~~edcoatingsaremoreeffeotlvethanporousonesis
bro~ht cmtin.‘tbleIV (specimens~8-3tol&6 andespeciallyW-3 b

Y1% “ ClcathgI@K wasknowntobe veryporous,md I&7~tightly sealed,
at leastat thetmghuiingof thetreatment.Thegreatireffectivenessof
coati~L-7Cinprolxmting&&ealloysisapparentfroma comparisonof
thetensilepropertiesof thespecimensaftertreatment.

Figure10shcwsthespecimensofall-oyS%N, coatedaridunocated,
thatweretreatedinanatmosphereofE+ for189hoursat 1.35@’F. At
thsMft aretiwuncoatedspec@enswhichwerealmostcmrcdedthrough;
oneO:them?nmkeof itsownWeighvduringthetreatment,Timcoated
specimensshowIrwreasingdegreesofprotecticmfromlefttoright...

Thel~tfiackt?xroughCOati~S”A-189endA-3G~-t~oktheformof tuber-
cuIes,con~~sttngprohab~of sulf~.desof’tliealloylngelements,andthese
area~lyuxmtinfigure10aswhi’~speclcs.Vr3ryfewofthem,ifany,are
visibleoncoatl~L-2A,Thespecimenswi’~ooat.ingA–30~shornInfigure
11offera favurableopportunityfora studyofthemechaniwnoftheattaok.
Thelocationsof thetu%crouleson thesespeotienscorrespondto theloca-
tionsof disoontlnuitiesinthecoati~,Whi~hwerevisibleunderthe
microscopebeforethe232Streatmentandvhichappeazzedtoresultfrcmgas
evolutionduringfiringoftheco~%lng.Y@lW l~(a}ShOWSthae,p~~??ance
Ofcoaii~A-305ata magnifioeti.onof30.Xbeforethetuksrculeshadbe-
- tofoz’m;n(b) showstheearn stagesof tuberculeformationand11(c)
a mereadvancedstage.Withconttiuedtzzoatment,grawth~fthanodules
continues.T% selecti~attaclccnthemeta:Lis illustratedin fi.glwes
12(a)and12(3),whiohwe photographs%eLmnat 3CXaftertheccatl~
wasremovedby sandblasting.F-e 12(ajCC~eSpUndstoIi(a),and12(t)
b 11(C).Fighre12(b)showscavitiesresultingfrcmseiectiveattack
wheredisocutir.miilesoccirredinthecoating.FigureM!(c),whichis a
photomicrcgraph.ofcoa%ir~L-2Aas showninf’iguz-elO,i.lluetratesth _.
appearanceofa“coatingtiiat=~avesuccessfulpmtictionof +Aealloy
%ainsttheattackLy E&at 13~O°F. Figure12(c)shouldbe contrasted
withfiglU?911(C).

ANLLYSISANDD.ISCUSSTON

Theswrviceconditionsthatturbti~ebhdes.arerequiredtowithe’t
arehardlysub~ecttoduplicationinstaticlahoratcrytests.Thegases

—

*

.-.-
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drivingtheturbineina jet-propelledplanemustbe heterogeneoused
doubtlesshavefluctuatingtendenciestowardreducingor oxidizingcundi-
ttonsatanygivenlocationinthesystem.Thequestionoferosion,due
tothehighvei,wityof thegasesreiattvetotheturbinebladesamlto
anysolidmatterthatmaybe carriedinthegasstieeznj2sonewhichcm
be suitablytakenintoacccuntonlyby testsmadeunderdynerniccond~ticns.
Withrespecttothetendencyof theatmospheretowardoxidizingorreduc-
ingconditions,howeven,thetreatmentsino~gen aidin‘hydxxogsnsul.phidej
whichwereusedinthisstudy>ilo-ubtlessincludetheextremesof theran@
encounteredInpractice.Itappearsprobablethatceatingswhichprotect
thealloyswellintheseextremeatmosphereswillalsobe effecti~ein
my atmosphereencounteredunderserviceconditions.On theotherhand,
it isnotnecessarilytruethatooatlngswhichfalltogi- complete,
prolongedprotectionofthealloysathightmmperatureainatmospheres
ofH+ and02willalsofailtodo sounterservicec.cndltions.me
advantageisthataccelere.te~tests,a tarmapplicableespeciallyb the
I@ treatmsn%,permitthetestingofa numlwrofcoatir~swithh a rea-
sonableperiod.of time,Fromtheinformaiiknthusgainedanda duecon-
siderationoftlzzItitatfonsoftheaccelera+~dtastmethods,it is
believedthata basistillbeaffordedfors61ectionofthecomparatively
fewcoatingswhichwill3e practicableto testinacin’=1turbineinstal-
lations.TheQossiblevalueof insulatingcoatingsthatwouldpetit
highergastemperatureswithoutincreasingtheoperatingtemperatureof
theturbinebladesisnettobe omrlooked.It isapparentthatthe
relativeeffectivenessof thecoat-s inpro+~ctingdiffeaentalloys
variesfromoneallayto~~other.T%isfactemphasizestheimportance
of includinginthisstudythealloysmostusedandmostpromisingfor
futureuseInturbineblades.

coNcH.?.?13iiREMARKS

Datasofsrobtainedindicateclearlythatscnueceramiccoatings
providea highdegreeofprotectionforhigh–te~peraturealloysina
stronglycorrosiveatmosphereat elevatedtemperatures.The”chs.~e-i.n-
wefghtcurvesindioatethatat leastsomecoatings~e capableofprevenb
Lngor greatlyretardingsurfaceoxidationof thealloys in ati at 15M°F
forat least700hours.Stress+nptureteststndisatethatat loadslow
enoughtoensurea lifeofover600ho~~~sfortheuncoatedalloyspecimen,
someof thece~amiccoatlagsaddsignificantlyto thetimerequiredfor
failure.Inm atmosphereascorrosiveasI&Sseveralofthecoatings
testedprovidedsucheffectiveprotectionthatalloys~x andH16
retainedapproximatelytheirinitialO.@eroentoffsetyieldvaluesin
high-temperatwetreatmeritswhichalmcstcompletelydlstitegrateduncoated
specimens.
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‘I’eel;prosed.ureehavebeenestablished,a.n~indicationswhichhave
beenobtainedas to thecausesoffailureof thecoatingsgivepromise
ofsubstantialfurtherprogress
coatings,

inthedevelopmentofprotectiveceramic

Natimd 13uL*eauofS%ndardS,
Wa~fiir@on,D.C.,January
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APPENDIXA

Thefollowingdataconcertingthethermalhistoryofcertainalloys
inthisstudywerefurnishedbythemanufacturore:

‘%mS-+$JOand.s-816materialwashotreliedat 21w/’22Q0°F,‘annealed
25minutesat21800F, aircooled,sandblasted,scrubbed,coldrolledone
pass,buckledandsheared.

“l’he‘2520+ 2$Si materialwasnotrolled2080/2100°F, annealed
2150°F 10minutes,anawaterquenched,sandblasted,scrubbe.1,cold.rolled
onepa~s,buckledandsheared.

“AllGf ‘&einconelwasfhrnished.as stazndarac?oldrolled,softtempr,
plainfinishq’nality.Thematerialreceivedthefollowingthermaltraat-
mentafterfinalcoldreduction:

(a)Softannealedinnaturalgaafiredcontinuousfurnaceforapproti- .
mate~vfour(4)minutesat teinperaturesof 1850-19000I’;

(b}Furnacecooledfromannealingtemperaturetoapproxhnately3000F
Ineleven(ii)minutesandttienwithdrawntoai%;

(c)No solutiontreatmentrior subsequent aging treatmentwasuses,”
.
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TABLEI,-msuLm OF 172-HoURWR3ATMENTAT 1350c’1?UNDERWAD OF
~D’Sl?E3SQ.UAE$INCH.ANU‘ll12NWIETESTSFOLILWTNGSUCHTREATMENTON

+-—

. .

+-

1-SpecS Coa%-
imelii%-.

6-5’ L-7C
6-33 ~OlU3
:-. f+igg

6: “ L-9AC
6*5 None
6-0 -do--

6-B8 -do----
6-29 IJ-7C
6-7B Nme
6-20 LrgAc
6-$!Bl?kme
6-37 A-U39
6-Ire None
6-16 H+AC
6-u5BINtme
6-23J3-aO--
6-620 - dO--
6-52 L-9AC
6-52BNone
5-21B-ao--
&60B ‘~o--

tiOATEDAND”UNCOATEDEPECIMENSOFALIQYl=

Fired
Gage 3 mln
lengthzat.

—&
(in.) (°F)

4*5 1650
4,5 1650
4,3 ~l~oo

51700
$:; 185c
4.5 ~1700
4.5 UnfTred
~*5 1850
k.y 1650
4.5 1650
4.5 1850
4.5 i8~cl
4,5 =1700
4.5 1650
4.5 1800
4.5 1800
4.5 Unfired
2.25~p--~c--.

Test
no.

Elongationin

)ver-
au
iotal
[in.)—.
1.25
.50
*19
.38
.09
.19
.25
.09
,451
.365
.n~l
.055
.284
.232
●286
*200
.432
.345
.01$)
e071
,3)+6I
.146 ~

lca test
Betweenm~;

‘2%0t

(in. )
---
-—.
-—-
---
-—-
---
---
---
().hl

‘3
:63
(8)

.27
~g

.19
(8)
(s)

[

8)
8)
,3C
.SL

iper-
cent)

-.. —
---
---
---
---
---
---
---

9.0.
7.2
.7---

$!::
5.8
4.2

---
---
---

‘6~7-
4.8

mTensilepet 3
at 1350F

iY,2-pex-:
zentoff””Saw-
setyield tmih
Bt3?b12#Jth rat-
(ksi) lnge4

19.3
18,3
20.4
20,2
21.7
21.6
(7)
2~.7
19.9
19.0.
21.6
22.3
20.9
20.9
21.3
21”.i
20,4
22.2
22.8
24.o
21,5
21*3

A
c
A
c
A
D
B
c
A
c
A
B
A
D
A
B
c
D
A
c
D
c!

~NomtnalZengthof theperallelsidedneckbetweenshoulders.
aMarksweremadeatornearshouldersandincludeat least1 in.more

thanthencmina.igagelength,Thsywereplacediinthispositiontoavoid
thepossibilityofobliberationby chippingof thecoatingsasa result
of stretching fn theneck. Thein,/in.valueiscomputedby dividi~the
totalelcingatlonbetweenmuke by thenominalgagelen@h (4in.) on the
assumpticmthatthestretchoccurredthere.

3Ultimatestrengthsarenotgivenbecause,underfihecondj.tlonsof
theseteatsa% 1350°F, thevalues obtahted for yieldstrengthweremore
reliable.

4ArbitraryratinginwhichA indicates~irtualab~enceof sa~tooth
effectandD indicatesseveresaw-tootheffect(fig.8).

5Fired10-C
‘Fired7 min.
7Stress-straingraphcontinuouslycurved.
‘Marksnotvisibleat endoftests.
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‘I!KBIEII.-RE!ZUUPSOF
ANDON

sp301-
Men

6–1

6-4

63

8-1

8-4

%5.
12–1

12-4

123

I–3-l

13--4

13-5

17–1

17-4

17+

18-1

18-4

18-5

19-1
19-4

1>5

A3.IOy

19-9DL

1>9DL

19-9DL

‘iklCOI~~II

...do—-

---do---

25-20

25--20

25-20

i8-8STi

K!-8STi.

l&8STi

2520+’2*13

2520+*i

2520+2@i

S-8161

s-8L6

s-816

S+gol’
=590
S-59

TENSILETESTSATROOMTEMPERA~=CN
FIREDBUTUN’ZR@ZEDKLi%3YSJ?E31MENK3

—

Fired
5 min

(%)

2000

1650
---

2000

1650
-——
2,X70

1650
-——

2000

i650

-——

2000

1650
-—-

2000

1650
---

2000
1650
---

Tickers
u%ranesE
m.

186

z24

224

137

].42

150

168

168.

160

138

142

138

251

m

247

~o

148

151

220
230
215

0.2--per-
centoff-
setyisld

=

U,iOG

56,200
~~,000

32,400
36,800
36~300
42,700
46,2oo
47,600

31,500
35,200
38,200
40,300
45,300
k3,9Qo

69,600

75,100
72,900

57,’200
64,200
66.600

?Itimate

tens ile
stren@
M

113,000
120j100

118,200
91,700
94,000
94,,7C0
$%,200
97,400
~, 400

88,8c!o
89,“/00
89,900

93,800
g4,200
95,100

T52,600
146,300

148,500

126,YJO
125,200
127,800

v

“ASRECEIVED”

—

E!reaking
Etiength
&sij

MM,“(OO
i-16, W)

116,500
85,700
899W
ed,twl
92,ioQ

92,W
85,500
82,900
83,700

84,900
86,200
50,200
65,4oo

152,200

146,300
148,500
126,500
S25,200
E7,800

lSeeapyendixA forthermalhistory“asreceived.”

Zon-
;akl.on
.n2 in.
~ercent)

46

3%

s%
43+j

41*
41&
46
42+‘“
5@

594

57+
61
64
50+

51
44
21*
29

32$
23
18
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Sp&ci.ncn.——

127-143

-j2..1---

12--243

~2_?.2.....

M--343

12-3---

12-4+

12-4 :““

1!2-8+?

U-8 .

12-9+B

12+ -..:

M+16+B “““

U-13
12-10+3

12-;0

3.2-15-33

X2-15

.—.-

‘VNCOATE’D

.
.. -.. . ..-.——.

...-.
NACA-TNwoo1s6 __ :.-

OFSOMESTRESS-RUl?TURETESTSONCOATEDAND

SFECIMSNSOFAIZOY~= AT 1350°F

—

coating

None

L-7C

None

L-7c

None

L–7C

None

>7C”-

None

L-6A

None

Xr-6A

None

-—do---

---do--’

Moue

>L-6A

. ..
....

Tenmile
f3tre8s
(psi)

8,000
8,000
10~cm

10,OCO

1.2,000

22,Cm

3.5,000

15,000

8,000
8,000

So,000
10,000
12,000
~,ooo
8,000
8,000

8,co0
8,000

Atmosphere

Air

-----do----

-----do----

-----do----

---.-do----

-----do----

--—-do----

-----do----

-----do----

-----do----

-----do----

-----do----

------clo----

-----do----

o~

02

steam
stem

Dmatlcm
of test
b)

620
672
309
293

168

62
47

805
850

362

3~i3.

267

89

55!5

636

. .

‘—“.

.-

..-

.

.

-. . ...
.:.- =..-
. . .- --—.
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TABIXIv.-RESUIZSOF TENSIZETESTSATROOMTEMPERATUREON
COATEDANDUNCOATEDSPECL~IBTREATEDFOR
VARIOUSTYKESIN~ROGEN SULFIDEAT 1350°F

2

Tensilepropertie82
I

O.2-per- 1
Firedl&ee.t-centoff- Elon-
5 minmalt set~ield Tensilegation
a% inHzS value stren@him2 in.

Spectmen Alloy~coating(°F) (hu) (psi) (psi) (percent)

18-3 s-816 -–-– 1650 6* 59,400 109,200 242
18-4 S-8;: L--7C 1650 6

$

80,400 i31j900 8
X8-5 H5AC 2000 6. 71,$x10 131,400 13
18-6 s-816 -––– 2000 5’ 61,400 108,100 16
1+3 w)~ –––– 1650 62=

3

44,Wo 80,000 7
19-4 S--5w &7c 1650 6 76,300 135,700 7
1- =5% H5AC 2000 6. 58,100 110,300 11
1% s+% --–- 2000 6 40,400 75,600 17
17-7 2520+2@iA307 1950 101 37,400 74,200 12
17-8 2520+2%s1-––- 1950 101 19,500 23,400 25
17-9 23m+2$SiA-309 1750 101 40,000 82,Qoo 15
17-10 25~o+2&i---- 1750 iOl 15,000 15,400
1+7 =5% A-307 l~o 101 64,200 107’,000 ~*
19-8 Sjgo -“––– Iso 101 29,100 54,800
U-g =590 A-309 1750 101 76,4oo 12C,900 4
1910 sjgo ----- 1750 101 32,goo 62,NO g.&
x3-1-86B s-816 -&$?A-l17’50 471 68,000 109,700 6%
18-2-86 s-8~6 L-2A-21750 b71 70,400 120,900 9
W-l-85D S-& A-189-11700 471 47,000 63,500 t
18-2-853 A-18$P21700 471 44,500 65,200 5
18-2-MD s-816 A-305-11700 471 80,100 114,700 5
1EW2=85 s-816 A-305-21700 471 72~~o 108,700 3*
18-2-87 s-816 ---- 1.700 kn k) (3) (3)
18-1-86 s-816 ---- 1800 471 (3) {3) (3)
19-93 -w L-2A-I 1830 189 75,700 118,%x2 5%
19-2-95 S-5w G2A-2 1850 189 65,700 114,800 5
IS-2-9P S-590 A-189-11700 189 64,700 +109,000
lpgl S+go A-18921700 189 71,w 114,700 :%
1*9 %m A-305-l1700 189 72,500 118,8oo 2
1*96B =59 A-305-21700 189 70,800. 119,400 i
19-90B W90 --–- 1700 mg (3) (3) (:)
lfP2-$OB S-5SQ ---- 1850 189 ---- 860 ----

lSeeappendixA forthermalhistory“asreceived.”
~ased ondimensionsof specimenspriortotreatment.
3Specimenbrokebeforetesting.
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Figurei.-8k6tchof meclmenausedin the invediaatioriof eeramioooatinrm.
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(a)

“Smecimeiuduwd forheatin~withoutToad. y

@ecimensforheatingwit~outLoad.fallowedby tensiletekt6 at room .m
temperature.
Pvecimeneforheatingwhileunderload.The20-inchlengthprovidesfor P
grippingoutsidethefurnace.
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Figure2.-Furnaoeeand leversystemsfor applyingloadsto 20-inohepeoimene.
The pair at the leftare operatingwith a steamatmospheresupplied

by waterdrippingintoa flackcontaininga fillerof brokenGeramlcmaterial
and heatedwith am electriohot plate.Thepair in themiddlehavean air
atmosphere,and thepairat the rightare operatingwithan oxygenatmosphere
suppliedfromseparatetanksprovidedwithregulators.

I



, . . . . , I

(a) Before heattreatment. (b) After 200hours at 1500°Fin air.

6’igure3.- Photomicrographsat 120%of coating
L-6A on alloy S-590..Notethe deve-

lopmentof discontinuities that did not init-
ially exist. This coating ”uderwentconsider-
able deterioration during the first 200 hours
with very little changein the next 300 hours.

(c) After 500hours.



#

(a) Beforestartingtreatment. ‘

(o) After 500 hours.

(b) After 200 hours.

Figure4.- Photomicrographsat 120X of
ooatingA4309on alloy S-B16,

showinglittleor riochangeduring500
hoursof heatingin air at 1500°F.

I
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(a) Beforeheating.

,

(c) After 500 hours.
I

.(b) After 200hours.

Figure5.- Photomiorographsat 1X)X of
ooatlngL-5A0 on alloy S-616,

showinga gradualhealingof dieaontln-
uitiesinitiallypreeentae the speoi-
men wae heatedin air”atlSO@F.

I
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I
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25207 I I Inoonel=
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Time of heatinuinairat1500°T.houm

Figure6.-GraphehowinggainLrAWeigh{,perunitsurfao;area,Sf sevenunooat-ed––
alloyeduetooxidationdurlnj heatingin airat1S30J’for500hours.

ThegaininWeightof18-8alloybeyond00houreISnotappesentbecauaetheoxide
f~lmflakedoff.inauffioientquantitytomaskit.

120r
—

S-590
(noooating)

/

I

J--
0-590
L-4Aooated
(p;:~-low

\
k

8-590~
L-4Acoated
(vltreous-
highfired)

4~~ I I
o 100 “200” 300 400 E@ -

Timeofheatinginairat15000P,hours
Figure7.-Graphehowingoxidationofunooate&alloyS-590intermsofgain”inweight,

perunitsurfacearea, whenheatedinairfor500hoursat150001’,andthe
inhlb~tionofsuchoxiaat~onwhenaporouscoatingora e.ealadvitreouecoatingLIB
applied.
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19-9 DL
coated (0) ad uncoated (U) spe”oimensof
alloy held under tensile stress of 5,000 pounds

per square inch at 13500Ffor 172 hours and subsequently
broken in a short-time. tension test at 1350°F (table I,
test 5). Note irregular silhouette (saw-tooth effect) of
uncoated specimen resulting from widening of cracks pro--

. .

Figure

duced in tension.
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❑ L-7Cooated2520alloy
O UnOOate&”2520alloy

40
G+1
$ 3Q
WoP

g aq
o

~ Is

I ‘
:
E ,g 10

6
50 100 500

Timeiorruptureat 135001?,hours
Figure9.-Strees-rupturecurvesforunootitedandL-?Cooatedepecimensof

alloy2520.Teatsweremadeat 1350°Fin air.Notethata ‘kneeW
occursat168hoursfortheuncoatedmetal,buthadnotooca~redforthe
coatedepeoimensup to 672hours.
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Figure10.- Epe~imenaofalloy S-S90, ooated and Uoat@, whioh have been treated in an
atmmphere of~H-foz189 hoozB at 1360°F. The Unooatd apeoimene at the left

were almost completelyoorr~e~.?heother three pairs of speoimenE have three different
coatings M indioated, eingle ooat M theleft sad double coat at thori@t in eaoh pair”:
Attaok through the ooatinge took the form of tuberculem, whioh me apparent aa light
epeoks in the photograph. Ifote the deoreaeing number of euch tuberculem, indicating
improved protective aotion of the coutingo, from left to right.
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(a)Oonditionof ooatingbeforetuberculeshad (b)Earlystageof tuberculeformation.
begunto form.Notedisoontinuitieein tbe
coating(probablycaueedlargelyby gaa
evolutionfromthemettiduring the firing
process).

Figure11.-Photomicrographaat 30X,showing
developmentof tuberculea.keaa

shownare fromspecimenwithooatingA-305
(seefig.10),whiehwas treatedat 1350°Fin
H# for189hours.Locationsof thetuberculee
are controlledby theIacationsof theorigi-
nal disoontinuities. ~
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(o) Advauoedstageof tuberouleformation.
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(a)No tubercuhsyet formal;corresponds
to figureha.

(c)30Xmagnifiedviewof coatingL-2A
(seefig.10)whichwithstood
treatmentvith littleor no form-
@ion of tuberoules.Thisphoto-
mhrograph shouldbe oontra8ted
yith figure11o,whichIS a mag-
nifl’edviewof ooatingA-305

$e~u~&&.dter ‘o~tion

(b) Oavitieein the alloybeneaththe
tuberouleecaueedby attaokof the
E@ atmosphereat 1350°B’;corree-
pondato figure110.

F’i@e 12.-Photomio.ographsat 30X,Ehowing
appearanceof epecimensshownin

figure11 titerremovalof ooatingby sand-
blasting.


